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A CFD study was performed to analyze the mixing potential of opposed rows of staggered jets injected into confined
crossflow in a rectangular duct. Three jet configurations were numerically tested: (1) straight (0°) slots, (2) perpendicu-
lar slanted (45°) slots angled in opposite directions on top and bottom walls, and 3) parallel slanted (45°) slots angled in
the same direction on top and bottom walls. All three configurations were tested at slot spacing-to-duct height ratios (S/
H) of 0.5, 0.75, and 1.0; a jet-to-mainstream momentum flux ratio (J) of 100; and a jet-to-mainstream mass flow ratio of
0.383. Each configuration had its best mixing performance at S/H of 0.75. Asymmetric flow patterns were expected and
predicted for all slanted slot configurations. The parallel slanted slot configuration was the best overall configuration at
x/H of 1.0 for S/H of 0.75.
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35805; and J.D. Holdeman, NASA Lewis Research Center. Responsible person, J.D. Holdeman, (216) 433–5846.

A CFD parametric study was performed to analyze axially opposed rows of jets mixing with crossflow in a rectangular duct.
Isothermal analysis was conducted to determine the influence of lateral geometric arrangement on mixing. Two lateral arrange-
ments were analyzed: 1) inline (jets’ centerlines aligned with each other on top and bottom walls), and 2) staggered (jets’
centerlines offset with each other on top and bottom walls). For a jet-to-mainstream mass flow ratio (MR) of 2.0, design param-
eters were systematically varied for jet-to-mainstream momentum-flux ratios (J) between 16 and 64 and orifice spacing-to-duct
height ratios (S/H) between 0.125 and 1.5. Comparisons were made between geometries optimized for S/H at a specified J. Inline
configurations had a unique spacing for best mixing at a specified J. In contrast, staggered configurations had two “good mixing”
spacings for each J, one corresponding to optimum inline spacing and the other corresponding to optimum non-impinging jet
spacing. The inline configurations, due to their smaller orifice size at optimum S/H, produced better initial mixing characteristics.
At downstream locations (e.g., x/H of 1.5), the optimum non-impinging staggered configuration produced better mixing than the
optimum inline configuration for J of 64; the opposite results were observed for J of 16. Increasing J resulted in better mixing
characteristics if each configuration was optimized with respect to orifice spacing. Mixing performance was shown to be similar
to results from previous dilution jet mixing investigations (MR < 0.5).
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Isothermal CFD analysis was performed on axially opposed rows of jets mixing with crossflow in a rectangular duct.
Laterally, the jets’ centerlines were aligned with each other on the top and bottom walls. The focus of this study was to
characterize the effects of orifice aspect ratio and jet-to-mainstream mass flow ratio on jet penetration and mixing. Orifice
aspect ratios (L/W) of 4–to–1, 2–to–1, and 1–to–1, along with circular holes, were parametrically analyzed. Likewise,
jet-to-mainstream mass flow ratios (MR) of 2.0, 0.5, and 0.25 were systematically investigated. The jet-to-mainstream
momentum-flux ratio (J) was maintained at 36 for all cases, and the orifice spacing-to-duct height (S/H) was varied until
optimum mixing was attained for each configuration. The numerical results showed that orifice aspect ratio (and likewise
orifice blockage) had little effect on jet penetration and mixing. Based on mixing characteristics alone, the 4–to–1 slot was
comparable to the circular orifice. The 4–to–1 slot has a smaller jet wake which may be advantageous for reducing emis-
sions. However, the axial length of a 4–to–l slot may be prohibitively long for practical application, especially for MR of
2.0. The jet-to-mainstream mass flow ratio had a more significant effect on jet penetration and mixing. For a 4–to–1 aspect
ratio orifice, the design correlating parameter for optimum mixing [C = (S/H)√] varied from 2.25 for a mass flow ratio of
2.0 to 1.5 for a mass flow ratio of 0.25.
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The Rich-burn/Quick-mix/Lean-burn (RQL) combustor has been identified as a potential gas turbine combustor concept
to reduce NOx emissions in High Speed Civil Transport (HSCT) aircraft. To demonstrate reduced NOx levels, cylindrical
flametube versions of RQL combustors are being tested at NASA Lewis Research Center. A critical technology needed
for the RQL combustor is a method of quickly mixing by-pass combustion air with rich-burn gases. In this study, jet
mixing in a cylindrical quick-mix section was numerically analyzed. The quick-mix configuration was five inches in
diameter and employed twelve radial-inflow slots. The numerical analyses were performed with an advanced, validated
3-D Computational Fluid Dynamics (CFD) code named REFLEQS. Parametric variation of jet-to-mainstream momentum
flux ratio (J) and slot aspect ratio was investigated. Both non-reacting and reacting analyses were performed. Results
showed mixing and NOx emissions to be highly sensitive to J and slot aspect ratio. Lowest NOx emissions occurred when
the dilution jet penetrated to approximately mid-radius. The viability of using 3-D CFD analyses for optimizing jet
mixing was demonstrated.
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The Rich-burn/Quick-mix/Lean-burn (RQL) combustor has the potential of significantly reducing NOx emissions in
combustion chambers of High Speed Civil Transport (HSCT) aircraft. Previous work on RQL combustors for industrial
applications suggested the benefit of “necking down” the mixing section. In this study, a 3D numerical investigation was
performed to study the effects of neckdown on NOx emissions and to develop a correlation for optimum mixing designs in
terms of neckdown area ratio. The results of the study showed that jet mixing in reduced flow areas does not enhance
mixing, but does decrease residence time at high flame temperatures, thus reducing NOx formation. By necking down the
mixing flow area by four, a potential NOx reduction of sixteen-to-one is possible for annular combustors. However, there is
a penalty that accompanies the mixing neckdown: reduced pressure drop across the combustor swirler. At conventional
combustor loading parameters, the pressure drop penalty does not appear to be excessive.
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3-D turbulent reacting CFD analyses were performed on transverse jets injected into annular and cylindrical (can)
confined crossflows. The goal of this study was to identify and assess mixing differences between annular and can
geometries. The approach was to optimize both annular and can configurations by systematically varying orifice spacing
until lowest emissions were achieved, and then compare the results. Numerical test conditions consisted of a jet-to-
mainstream mass-flow ratio of 3.2 and a jet-to-mainstream momentum-flux ratio (J) of 30. The computational results
showed that the optimized geometries had similar emission levels at the exit of the mixing section although the annular
configuration did mix-out faster. For lowest emissions, the design correlation parameter (C=(S/H),√J) was 2.35 for the
annular geometry and 3.5 for the can geometry. For the annular geometry, the constant was about twice the value seen for
jet mixing at low mass-flow ratios (i.e. MR < 0.5). For the can geometry, the constant was about 1 1/2 times the value
seen for low mass-flow ratios.
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The combustor designer is typically required to design liner orifices that effectively mix air jets with crossflow effluent.
CFD combustor analysis is typically used in the design process; however the jets are usually assumed to enter the
combustor with a uniform velocity and turbulence profile. The jet-mainstream flow coupling is usually neglected because
of the computational expense. This CFD study was performed to understand the effect of jet-mainstream flow coupling,
and to assess the accuracy of jet boundary conditions that are commonly used in combustor internal calculations. A case
representative of a plenum-fed quick-mix section of a Rich Burn/Quick Mix/Lean Burn combustor (i.e., a jet-mainstream
mass-flow ratio of about 3 and a jet-mainstream momentum-flux ratio of about 30) was investigated. This case showed
that the jet velocity entering the combustor was very non-uniform, with a low normal velocity at the leading edge of the
orifice and a high normal velocity at the trailing edge of the orifice. Three different combustor-only cases were analyzed
with uniform inlet jet profile. None of the cases matched the plenum-fed calculations. To assess liner thickness effects, a
thin-walled case was also analyzed. The CFD analysis showed the thin-walled jets had more penetration than the thick-
walled jets.
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This five year project focused on identifying quick-mix methods that would reduce NOx emissions in RQL combustors. The work
included study of mixing concepts, and the development of design methodology. 3–D CFD analysis was the primary tool used in
assessing concepts and developing design methodology for low emissions. Isothermal and reacting CFD calculations were performed
on cylindrical, rectangular, and annular generic geometries. Systematic parametric studies were performed to isolate key design
parameters and their influence on mixing and emissions. In addition to the CFD analysis, software was written to interpret experimental
isothermal mixing results in terms of NOx emissions. The software, called NOx Inference Code (NIC), took planar experimental jet
mass fraction data and inferred NOx emissions assuming: 1) the jet mass fraction fields were the same for reacting and non-reacting
flows if the momentum-flux ratio and mass-flow ratio were maintained, and 2) fast equilibrium chemistry occurred for heat release.
Thermal NOx was predicted using the extended Zeldovich mechanism. The code was validated using the experimental data of Ander-
son. NIC was then used to assess the effect of jet penetration on NOx emissions and to compare emission for optimum inline and
staggered orifices in a rectangular geometry. Overall, this project produced an improved understanding of the jet-in-crossflow mixing
process and emission production in RQL combustor applications. Improved design methodology was developed that assisted in the
design and evaluation of RQL combustors for High-Speed Civil Transport Aircraft engines. Close interaction was maintained with
United Technology Research Center (UTRC) and Pratt & Whitney (P&W) for the duration of the project.
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